Introduction
============

In biological photosynthesis, light energy is converted into electrochemical energy, stored as adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH), and subsequently used for carbohydrates and other compound formation. It has been known that porphyrins and proteins with redox activity are key factors of photosynthesis. Artificial analogues of these processes are being investigated as methods for electricity [@B1]-[@B3], chemical energy [@B4], and hydrogen production [@B5],[@B6]. For example, porphyrins and related porphyrinoids have been shown to be promising candidates for the fabrication of porphyrin-based dye sensitized solar cells (DSSCs) and organic solar cells, based on the intrinsic properties of the molecules including their vital roles in photosynthesis, intense absorption in the visible region, and diverse structural plasticities for light harvest [@B7]-[@B12]. Recently, Yeh, Diau, and Grätzel et al. reported a porphyrin-based DSSC, YD2, with an overall energy conversion efficiency of 11%, comparable to the state-of-the-art ruthenium-polypyridyl-based ones [@B13].

In parallel, many achievements on the study of intermolecular photoinduced electron transfer reactions have been constructed by replacing heme with zinc-protoporphyrins (ZnPPs), due to the longer lifetime of the excited triplet state compared with other metalloporphyrins and its function as strong reductants [@B14]-[@B18]. Hu *et al.* have constructed a myoglobin-based donor-sensitizer-acceptor triad to aid in the understanding of the long-lived charge-separated states and the regulation of the electron transfer pathway [@B19]. Moreover, reconstitution of apomyoglobin (apoMb) or human serum albumin (HSA) with zinc-protoporphyrin has greatly expanded protein function from oxygen storage or transport to that of a new functionalized enzyme with electron transfer properties and chemical reactivity [@B20]-[@B22]. These results indicated that the protein\'s environment can control and organize the coordination of prosthetic groups, prevent quenching aggregate, and prolong the lifetime of charge separation [@B19],[@B23]-[@B32].

In light of the important biomimetic application of the photosystems, we present a zinc porphyrin-myoglobin-based photo-chemical energy conversion system which, upon photoirradiation, can catalyze the reduction of NADP^+^ to NADPH. Two different porphyrin derivatives, ZnPP and 5-(4-carboxy-phenylethynyl)-10,20-biphenyl porphinato zinc (II) (ZnPE~1~) (Fig. [1](#F1){ref-type="fig"}), were independently reconstituted into apoMb to form ZnPP-Mb or ZnPE~1~-Mb complexes and were compared for their light to chemical energy conversion efficiency. The experimental results showed that reconstitution of ZnPP or ZnPE~1~ into an apoMb protein pocket can prevent the quenching aggregation and extend the lifetime of charge separation. The substitution of ZnPP with ZnPE~1~ can improve up to a two-fold the efficiency of the light to chemical energy conversion. The ZnPP-Mb or ZnPE~1~-Mb system carried out a step-to-step one electron transfer mechanism upon photo-induced charge transfer, as demonstrated by the catalysis of a single-electron reduction of ferricytochrome *c* to ferrocytochrome *c* by cytochrome *c*. Furthermore, the artificial system exhibited a bifunctionally promote redox reaction dependent on the presence or absence of a sacrificial electron donor. This study is the first report to describe the reconstituted ZnPP-Mb/ZnPE~1~-Mb system as a bifunctional photo-induced oxidoredox system to convert solar energy into chemical energy. Therefore, the construction of such a photosystem would in principle serve as a self-regenerative photoelectrochemical cell and could be applied to electrochemical regeneration steps involved in chemical transformation and/or energy conversion as well as for sensor applications.

Results and discussion
======================

Steady-state, picosecond fluorescence, and anisotropy dynamics of ZnPE~1~-Mb
----------------------------------------------------------------------------

The dynamics of electronic and orientational relaxations of the ZnPP-Mb complex in aqueous solution have been studied using the time-correlated single-photon counting (TCSPC) technique [@B31]. Measurement of UV-vis spectra of ZnPE~1~ in THF and ZnPE~1~-Mb in KPi solution showed similar red-shift of Soret and Q bands from 439 to 443 nm and 567/615 to 576/628 nm, respectively ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1). Time-resolved fluorescence anisotropy decays of the system showed significant change in rotational correlation period from 0.25 ns (ZnPE~1~ in THF) to \~10 ns (ZnPE~1~-Mb in KPi), giving the evidence for the successful construction of ZnPE~1~-Mb complexes (Fig. [2](#F2){ref-type="fig"}A) in aqueous solution. Picosecond fluorescence transient of ZnPE~1~-Mb in KPi at 295 K, with excitation at λ~ex~ = 435 nm and emission at λ~em~ = 630 nm, showed a biexponential decay feature with two time coefficients: τ~1~ = 0.6 ns and τ~2~ = 2.5 ns (Fig. [2](#F2){ref-type="fig"}B).

Because the lifetime of ZnPE~1~ in THF is 2.34 ns due to the S~1~-T~1~ intersystem crossing (ISC) of the zinc porphyrin, the slow decay component of the ZnPE~1~-Mb transient (τ~2~ = 2.5 ns) is reasonably assigned to the isolated ZnPE~1~ molecules inside the heme pocket of apoMb [@B29],[@B31]. We noticed that porphyrin molecules form aggregates in KPi buffer, and this is the case for both ZnPP and ZnPE~1~ [@B31]. Intermolecular energy transfer would become very efficient in porphyrin aggregates [@B32]. As a result, the fast-decay component of the ZnPE~1~-Mb transient (τ~1~ = 0.6 ns) is assigned to the ZnPE~1~ aggregates outside the active site of the apoMb in buffer solution [@B3],[@B31].

Assembly of artificial photosynthetic system and measurement of light-chemical energy conversion efficiency
-----------------------------------------------------------------------------------------------------------

The artificial photosynthetic system consists of four components: the light source (419 nm), photosensitizer (ZnPP-Mb or ZnPE~1~-Mb), substrate (NADP^+^) and the sacrificial electron donor (triethanolamine, TEA). We first evaluate the effects of photoirradiation time, dark time, and the sacrificial electron donors on photo-chemical energy conversion efficiency ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2). When the light was omitted from the reaction, no absorbance at 340 nm, assigned to NADP^+^ reduction, could be detected, indicating the light dependence of the reduction of NADP^+^. Upon photoirradiation, the absorbance at 340 nm increased along with the decrease and blue shift of the Soret band of ZnPP-Mb from 428 to 413 nm and of ZnPE~1~-Mb from 443 nm to 426 nm, respectively (Fig. [3](#F3){ref-type="fig"}). Furthermore, the absorbance at 340 nm increased with time even in the dark. We have previously determined the stability of the ZnPP-Mb complex under femtosecond laser irradiation and found that the absorbance at the maxima of both B and Q bands decreased with increasing duration of excitation and increasing width of the absorption bands [@B31]. The ZnPP-Mb complexes first absorbed the excitation photons and then relaxed to their lower electronic states via non-radiative transitions, which transfers the excitation energy into the internal energy of the protein. Subsequently, the internal energy of the system might be further transferred into the environment by solvent-induced vibrational relaxation that increases the thermal energy (or temperature) of the local environment. Next, dissociation of the ZnPP-Mb complex might occur under two different circumstances: (1) if dissociation was more rapid than the energy transfer or (2) if dissipation of the thermal energy was too slow. In either situation, the ZnPP-Mb complex decomposed so that ZnPP moved out of the heme pocket of the protein to form aggregates with other free ZnPP species. Therefore, the decrease of Soret band absorbance could be attributed to the conformational change of protein structure and release of ZnPP out of the protein active site pocket, further supporting the essential roles of light in triggering the reaction and affecting the stability of the photosensitizer [@B31]. After photoirradiation, approximately 90.0% and 44.6% of NADP^+^ was photochemically reduced by ZnPE~1~-Mb and ZnPP-Mb, respectively. Further, when ZnPE~1~-Mb/TEA was first photoirradiated for 6 hrs before adding the NADP^+^ and kept in the dark for 5 days, reduction of NADP^+^ occurred with similar efficiency as that of simultaneously adding all components at the beginning.

Finally, the highest light-chemical energy conversion efficiency was obtained with optimal concentrations, which contained 1 M TEA, 5 mM NADP^+^ in 100 mM KPi (pH 9.0), 10 μM ZnPE~1~-Mb (or 25 μM ZnPP-Mb), photoirradiation for 6 hours, and was then kept in the dark for 5 days. These results indicated that the NADP^+^ was reduced photochemically following photoirradiation of the solution, consistent with the results previously reported by Nishiyama et al [@B33],[@B34].

Next, we compared the effect of protein concentrations on the catalytic velocity of ZnPP-Mb and ZnPE~1~-Mb, respectively. Figure [4](#F4){ref-type="fig"} shows the comparison of catalytic velocity for 10 and 25 μM of ZnPP-Mb or ZnPE~1~-Mb, respectively, co-incubated with TEA and NADP^+^ under photoirradiation for 6 hrs. The arithmetically catalytic velocity of 10 and 25 μM ZnPP-Mb is 0.08 and 0.125 mM/hr, whereas that of the 10 and 25 μM ZnPE~1~-Mb is 0.245 and 0.223 mM/hr, respectively. No apparent reactivity could be detected for 5 mM NADP^+^ and/or 1 M TEA reacted with apoMb. Interestingly, the catalytic velocity of ZnPP-Mb increased with higher ZnPP-Mb concentration, whereas a decline of catalytic velocity was observed in higher ZnPE~1~-Mb concentration. Moreover, an approximately two-fold catalytic velocity for ZnPE~1~-Mb is consistent with the photo-chemical energy conversion efficiency. The higher catalytic velocity of ZnPE~1~-Mb than that of ZnPP-Mb could be attributed to the higher efficiency of ZnPE~1~, since measurements of the UV-vis spectra showed that ZnPE~1~ exhibited similar catalytic velocity and conversion efficiency to that of the ZnPP even with lower solubility of ZnPE~1~ than ZnPP in KPi buffer. The reconstitution of ZnPE~1~ into the heme pocket of apoMb prevents aggregation and influences the relaxation of ZnPE~1~, further improving the energy conversion efficiency [@B31]. Furthermore, the higher catalytic velocity of ZnPE~1~-Mb at lower concentrations suggested that the equilibrium between the quench of the excited intermediates and the proceeding of the photochemical conversion was reached at a lower concentration for ZnPE~1~-Mb than for ZnPP-Mb, since similar phenomenon was also observed when the concentration of ZnPP-Mb was increased from 25 to 40 μM (data not shown).

In parallel, a well-known water soluble porphyrin, 5,10,15,20-tetrakis(1-methylpyridinium-4-yl) porphinatozinc(II) tetrachloride (ZnTMPyP^4+^), was used as a control model in comparison of catalytic velocity with that of ZnPP and ZnPE~1~ (Fig. [1](#F1){ref-type="fig"}). The ZnTMPyP^4+^has been used as a photosensitizer and applied in photochemical electron transfer studies [@B36],[@B37]. When 25 μM of ZnPP, ZnPE~1~, and ZnTMPyP^4+^ were independently photoirradiated, a catalytic velocity of 0.08, 0.111, and 0.06 mM/hr were obtained. The results are consistent with the observation that the conversion efficiency of photoinduced NADP^+^ reduction for ZnPE~1~ is higher than ZnPP and ZnTMPyP^4+^. Furthermore, reconstitution of ZnPP or ZnPE~1~ into apoMb improves the conversion efficiency of photoinduced NADP^+^ reduction. These results suggest the protein\'s possible functional role in preventing quenching aggregation and extending the lifetime for charge separation, both necessary for conversion efficiency improvement. Therefore, the conversion efficiency of photoinduced NADP^+^ reduction in ZnPP or ZnPE~1~ is better than that of water soluble ZnTMPyP^4+^.

Electron transfer mechanism of artificial photosynthetic system
---------------------------------------------------------------

The reduction of NADP^+^ can occur either by two successive one-electron transfer to form 4,4-(NADP)~2~ and 4,6-(NADP)~2~, or by a single-step transfer of two-electrons and one hydride to form enzymatically active 1,4-NAD(P)H or inactive 1,6-NAD(P)H [@B38]-[@B41]. Either case can cause an increase of absorbance at 340 nm. To elucidate the ZnPP-Mb or ZnPE~1~-Mb photoirradiated reaction pathway and product identity, we performed enzymatic analysis using alcohol dehydrogenase, which catalyzes the two-electron conversion of acetaldehyde to ethanol when NADPH is present, and cytochrome *c*, which acts as a single-electron acceptor to reduce ferricytochrome *c* into ferrocytochrome *c* [@B38]-[@B41]. Figure [5](#F5){ref-type="fig"}A shows the absorbance change of NADPH upon enzymatic reactions. Unexpectedly, when alcohol dehydrogenase was incubated with the photoirradiated product, no apparent decrease of absorbance at 340 nm was observed. In contrast, when the photoirradiated product was added to cytochrome *c*, a characteristic change of Q band from its oxidized form at 530 nm into reduced form at 523 and 550 nm was observed (Fig. [5](#F5){ref-type="fig"}B) [@B42]. These results indicated that the product upon photoirradiation may be a (NADP)~2~ dimer but not an enzymatically active NADPH monomer.

Photo-induced reduction or oxidation of artificial photosynthetic system
------------------------------------------------------------------------

The NAD(P)^+^ and its reduced form NAD(P)H play critical roles in biological systems. In addition, Moore et al. recently constructed a photoelectrochemical biofuel cell which incorporates aspects of both enzymatic biofuel cell and dye-sensitized solar cells [@B9],[@B43]-[@B46]. When the porphyrin-sensitized *n*-type semiconductor photoanode was photoirradiated to induce charge separation, the porphyrin radical cation could be reduced by NAD(P)H, which transfers two electrons to the photoanode and generates NAD(P)^+^ as substrate for subsequent hydrogenase enzyme oxidation. Based on the abovementioned information, we also attempted to characterize whether NADH could be oxidized by ZnPP-Mb (or ZnPE~1~-Mb) under photoirradiation and its potential in constructing a self-regenerative photo-chemical energy conversion system. For the photo-induced oxidation reaction, the reaction buffer was changed from KPi to HEPES to avoid the formation of adduct between the phosphate ion and the pyridine ring of NADH and the subsequent NADH decomposition [@B47],[@B48]. Figure [6](#F6){ref-type="fig"} shows the UV-vis spectra change of ZnPP-Mb + NADH, ZnPP-Mb + NADH + TEA, ZnPE~1~-Mb + NADH, ZnPE~1~-Mb + NADH + TEA, NADH and NADH + TEA in 20 mM HEPES (pH 8.5) under continued photoirradiation or dark for 36 hours. As expected, no apparent absorbance change at 340 nm was detected for NADH and NADH + TEA under photoirradiation. Similar results were obtained when all the above-mentioned reactions were performed under dark reactions for 36 hours. Photoirradiation of ZnPP-Mb + NADH and ZnPE~1~-Mb + NADH resulted in a rapid decrease of absorbance at 340 nm, with a steeper decline for the latter one. These results indicate the light-dependent NADH oxidation reaction in the ZnPP-Mb and ZnPE~1~-Mb complex. Next, results of photoirradiation of ZnPP-Mb + NADH + TEA showed that absorbance at 340 nm initially decreased but reversely increased after approximately 2 hours. In contrast, when ZnPE~1~-Mb + NADH + TEA complex was photoirradiated, its absorbance at 340 nm decreased rapidly for the first 2 hours and then leveled slightly thereafter. Moreover, the absorbance decay at 340 nm was slower for ZnPE~1~-Mb + NADH + TEA than for ZnPP-Mb + NADH + TEA. Finally, the absorbance at 340 nm reached approximately half of the original intensity for both the ZnPP-Mb + NADH + TEA and the ZnPE~1~-Mb + NADH + TEA after photoirradiation for 36 hours. Furthermore, detailed comparison of the Soret band decay between ZnPP-Mb (or ZnPE~1~-Mb) with and without TEA showed that the presence of TEA in the reaction solution causes blue-shift and a decrease of the Soret band whereas no shift was observed in the absence of TEA ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S3).

The results shown in figure [6](#F6){ref-type="fig"} indicate that there are two modes of action, the initial oxidation of NADH to NAD^+^ and the subsequent reduction of NAD^+^ to (NAD)~2~, for the net absorbance change detected at 340 nm. The absorbance profile difference between ZnPP-Mb + NADH and ZnPP-Mb + NADH + TEA as well as ZnPE~1~-Mb + NADH and ZnPE~1~-Mb + NADH + TEA suggest that NADH undergoes initial oxidation to form NAD^+^, which in the presence of TEA is reduced to form (NAD)~2~ dimers. This in turn causes the accumulation of (NAD)~2~ dimers and partially contribute to the increase of absorbance at 340 nm. Notably, both NADH and (NAD)~2~ dimer have similar molar absorption coefficients, 6200 and 6400 M^-1^.cm^-1^, respectively [@B40],[@B49]. Thus, in both systems one unit of absorbance is decreased with the consumption of two NADH to generate one (NAD)~2~ dimer. Interestingly, the net absorbance profile for the ZnPP-Mb + NADH + TEA system first decreased to less than half of the total absorbance after 2 hours of photoirradiation and then inversely increased to approximately half of the total absorbance after continued photoirradiation for 36 hours. On the other hand, the net absorbance profile of ZnPE~1~-Mb + NADH + TEA system showed a gentle decline of the 340 nm absorbance to approximately half of its total value with prolonged reaction time. The discrepancy on the absorbance profile between both systems may be attributed to the stronger inhibitory effect of the TEA for ZnPE~1~-Mb than for ZnPP-Mb on the oxidation rate. Consistent with the hypothesis is the observation that both the oxidation rate and the absorbance profile of ZnPE~1~-Mb system is TEA concentration dependent which at lower TEA concentration the oxidation rate increased and the absorbance profile converted from that of the ZnPE~1~-Mb type into that of the ZnPP-Mb type ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S4).

To confirm the identity of the NAD^+^ produced by the photoirradiation of ZnPP-Mb or ZnPE~1~-Mb in the absence of TEA, enzymatic oxidation using alcohol dehydrogenase and ethanol as enzyme and substrate, respectively, was performed. Alcohol dehydrogenase can catalyze reversible oxidoredox reactions of ethanol and acetaldehyde, depending on the added NAD^+^ or NADH in the solution, respectively. When ethanol was oxidized to acetaldehyde, the electron was used to reduce NAD^+^ into NADH, thus leading to the absorbance increase at 340 nm. Figure [7](#F7){ref-type="fig"} shows the comparison of the absorbance change at 340 nm when NAD^+^, photoirradiated reactant, and photoirradiated product were used as cofactors for the alcohol dehydrogenase-catalyzed ethanol oxidation. As expected, no absorbance was observed for the photoirradiated reactant on alcohol dehydrogenase-catalyzed oxidation reactions, suggesting that NADH cannot be used in ethanol oxidation. On the other hand, the absorbance rate at 340 nm gradually increased when NAD^+^ or photoirradiated product was added to the alcohol dehydrogenase-catalyzed oxidation reaction. These results demonstrate the feasibility of ZnPP-Mb or ZnPE~1~-Mb as photoexcited photosensitizers to oxidize NADH and its potential applications in engineering hybrid photoelectrochemical cells.

Hypothetical reaction mechanism of photochemical catalysis of ZnPP-Mb/ZnPE~1~-Mb-based artificial photosynthetic system for light-chemical energy conversion
------------------------------------------------------------------------------------------------------------------------------------------------------------

The possible reaction mechanism of photo-induced reduction of NADP^+^ or oxidation of NADH by ZnPP-Mb (or ZnPE1-Mb), in the presence or absence of sacrificial electron donor, respectively, is shown in Scheme 1/Fig. [8](#F8){ref-type="fig"}. Upon photoirradiation, the absorption of light by the photosensitizer gives rise to an excited state of the ZnPP-Mb\* (or ZnPE~1~-Mb\*), which is subsequently reduced by a sacrificial electron donor such as TEA, thus generating a long-lived ZnPP-Mb·^-^ (or ZnPE~1~-Mb·^-^) radical anion [@B50]-[@B56]. A marked absorption around 700 nm, which is characteristic of anion radical formation, was determined by photoirradiation of ZnPE~1~-Mb. The analogous formation of zinc cytochrome *c* anion radical, upon photoirradiation, has been determined by Shen and Kostić, thus supporting the hypothesis [@B54]. In parallel, a similar reductive photoredox cycle that uses a tin(IV)- or antimony(V)-porphyrin photosensitizer was also previously reported by Shelnutt and Trudell [@B51]. Furthermore, Maldotti et al. also reported the utilization of photoexcited iron porphyrin to mimic the catalytic activity of cytochrome P-450 oxygenases both in the reduction of halogenated alkanes and in the oxidation of hydrocarbons [@B55]. Alternatively, in the absence of the TEA, electron transfer from NADH to ZnPP-Mb\* (or ZnPE~1~-Mb\*) may occur to produce the radical ion pair, NADH·^+^ ZnPP-Mb·^-^. Consistent with the observation is the reported photo-oxidation of the NADH model compound, 9,10-dihydro-10-methylacridine (AcrH~2~), in the presence of a sensitizer under visible-light irradiation in MeCN and H~2~O [@B50]. For photoinduced reduction of NADP^+^, following photoinduced charge separation, the resulting anion radical is oxidized by NADP^+^ in the aqueous solution, ultimately generating (NADP)~2~ dimer. After reduction of the NADP^+^ or oxidation of NADH, the photosensitizer radical anion returns to the resting redox state (ZnPP-Mb or ZnPE~1~-Mb). For photoinduced oxidation, the back transfer of an electron from the ZnPP-Mb·^-^ anion radical to the NADH·^+^ is prevented by the trapping of the radical ZnPP-Mb·^-^ (or ZnPE~1~-Mb·^-^) by oxygen to produce HO·~2~, and subsequently accompanied by regeneration of ZnPP-Mb (or ZnPE~1~-Mb). Consistent with the observation is the oxygen dependence of the photo-induced oxidation reaction to generate H~2~O~2~ ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S5) [@B50].

In conclusion, we have constructed a bifunctional photo-induced oxidoredox system which, upon photoirradiation, can transfer electrons from NAD(P)H or to NAD(P)^+^ depending on the presence or absence of sacrificial electron donor. The ZnPP-Mb or ZnPE~1~-Mb protein pocket can prevent the quenching aggregate and extend the lifetime of charge separation. In addition, the efficiency of the NADP^+^ reduction using ZnPE~1~-Mb is approximately two-fold greater than that of the system using ZnPP-Mb. In parallel, the ZnPP-Mb or ZnPE~1~-Mb artificial photosynthetic system carried out a step-to-step one electron transfer mechanism upon photo-induced charge transfer. Finally, the ZnPP-Mb/ZnPE~1~-Mb artificial photosynthetic system can be realized as a potential bio-photosentizer and applied for the development of renewable energy to replace our reliance on fossil fuels.

Materials and methods
=====================

Preparation of reconstituted ZnPP-Mb and ZnPE~1~-Mb
---------------------------------------------------

Apomyoglobin was prepared by the modified butanone method of heme extraction, as previously described [@B35]. The reconstitution of ZnPP or ZnPE~1~ into apoMb was performed according to the modified method of Axup et al [@B57]. Briefly, the apo-protein solution was maintained at ice bath for the duration of the reconstitution process. A 1.5-fold molar excess of ZnPP (or ZnPE~1~) in DMSO was added dropwise to a 10 mM KPi/DMSO (4:1 v/v) buffer containing apomyolobin at pH 12. After incubation for 15 min, the solution was adjusted to pH 7.0 and allowed to stir for 6 hr at 4 °C. The solution was transferred to a dialysis bag against phosphate buffer (10 mM KPi buffer pH 6.8) overnight. The protein solution was filtered with 0.45 μm cellulose membrane before applied to a Sephadex G-25 column. The column was equilibrated with 100 mM KPi buffer pH 6.8, and eluted with the same buffer at 4 °C. The protein was passed through the column, collected and stored at -20 °C for later experiments.

Photo-induced reduction experiments
-----------------------------------

The UV-vis absorption spectra were recorded with a standard spectrometer (HP 8453); emission spectra were measured with a fluorescence spectrometer (Hitachi F-700). Photoirradiation reactions were carried out in a photochemical reactor PR-2000 (PANCHUM, Kaohsiung, Taiwan) at room temperature (25 ^o^C) using two RPR 4190 Å lamps that show an emission maximum at 419 ± 15 nm at half bandwidth. The light intensity at the cell is 6 mW/cm^2^. For photoreduction reaction, photoirradiation was carried out in a final volume of 1 mL of 100 mM phosphate buffer (pH 9.0) containing 25 μM ZnPP-Mb (or 10 μM ZnPE~1~-Mb), 2.5 mM of NADP^+^, and 1 M TEA. For photo-induced reduction reaction, the change in the absorbance at 340 nm was detected at 1, 2, 3, 4, 5, 6, 18, 30, 54, 78, 102, and 126 h.

Photo-induced oxidation experiments
-----------------------------------

For photo-induced oxidation reaction, 25 μM of ZnPP-Mb or ZnPE~1~-Mb and 2.5 mM NADH were used, but TEA was omitted from the reaction solution. The reaction solution was photoirradiated at 419 nm for 6 hrs and the change in the absorbance at 340 nm, which attributed to (NADP)~2~ or NAD^+^ formation, was recorded. The equipment of photo-induced oxidation experiments is the same as that of the photo-induced reduction experiments. For photo-induced oxidation reaction, the absorbance was detected at 1, 2, 3, 4, 5, 6, 8, 10, 12, 24 and 36 h.

Enzymatic product characterization of photo-induced reduction reactions
-----------------------------------------------------------------------

The general procedure of NAD(P)H enzymatic assay was determined spectrophotometrically using a modified method of Hanson and Jacobson [@B58]. 10 μL of acetaldehyde was pre-mixed with NADPH or photoinduced reducing product in 1 ml cuvette. 10 μL of 10 U·mL^-1^ alcohol dehydrogenase was added to the mixture and rapidly mixed. As the enzyme catalyzed acetaldehyde to ethanol, the change of absorbance at 340 nm was monitored for 10 mins. For a single-electron acceptor, cytochrome c, which shows absorption maxima of Q band at 530 nm in the oxidized form and at 523 and 550 nm in the reduced form, was used [@B59]. 25 μM of cytochrome c was converted into the fully oxidized form by autoxidation for 30 min at pH 3 at 20 °C, then mixed with NADPH or photoinduced reducing product for 10 mins, respectively [@B60]. The spectra change of cytochrome c reduction reaction was recorded. All changes of UV-vis spectra were recorded by a standard spectrometer (HP 8453).

Enzymatic product characterization of photo-induced oxidation reactions
-----------------------------------------------------------------------

The enzymatic assay of photo-induced oxidation product was similar with that of photo-induced reduction product but the substrate and coenzyme were replaced with ethanol and NAD^+^ or photoinduced oxidation product. The change of absorbance at 340 nm was also monitored. All changes of UV-vis spectra were recorded by a standard spectrometer (HP 8453).
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![Structure of zinc protoporphyrin (ZnPP), 5-(4-carboxy-phenylethynyl)-10,20-biphenylporphinato zinc (II) (ZnPE~1~), and 5,10,15,20-tetrakis(1-methylpyridinium-4-yl) porphinatozinc(II) tetrachloride (ZnTMPyP^4+^).](ijbsv07p1203g01){#F1}

![(A) Picosecond fluorescence anisotropy of ZnPE~1~ in THF (squares) and encapsulated within apomyoglobin in buffer solution (circles) obtained at λ~em~ = 655 nm with excitation at λ~ex~ = 635 nm. (B) Picosecond fluorescence transient of ZnPE~1~-Mb complex in KPi with λ~ex~ = 435 nm and λ~em~ = 630 nm. For ZnPE~1~ in THF, the λ~ex~ = 435 nm and λ~em~ = 623 nm.](ijbsv07p1203g02){#F2}

![Change of UV-vis absorption spectra for (A) ZnPP-Mb and (B) ZnPE~1~-Mb co-incubated with TEA and NADP^+^ at different times of photoirradiation and then kept in the dark for up to 5 days. \[ZnPP-Mb\] = 25 μM, \[ZnPE~1~-Mb\] = 25 μM, \[TEA\] = 1 M, \[NADP^+^\] = 2.5 mM. (a) Before irradiation. (b) - (g) Irradiation time was 1, 2, 3, 4, 5, and 6 h, respectively. (h) - (m) Irradiation time was 6 h and then kept in the dark for 12, 24, 48, 72, 96, 120 h, respectively.](ijbsv07p1203g03){#F3}

![Effect of protein concentration for catalytic kinetics at photoirradiation. 2.5 mM NADP^+^ with 1 M TEA were independently reacted with 25 μM (○, red) of ZnPP-Mb, 10 μM (□, black) of ZnPP-Mb, 25 μM (▽, blue) of ZnPE~1~-Mb, or 10 μM (△, green) of ZnPE~1~-Mb under photoirradiation in 100 mM KPi, pH 9. 2.5 mM NADP^+^ with 1 M TEA reacted without reconstituted Mb (◇, purple) was used as control.](ijbsv07p1203g04){#F4}

![The enzymatic analysis of NADPH (□) or photoinduced reducing product (○) reacted with (A) alcohol dehydrogenase and acetaldehyde and (B) cytochrome c, respectively.](ijbsv07p1203g05){#F5}

![Summary of the absorbance change at 340 nm for ZnPP-Mb + NADH (■), ZnPP-Mb + NADH + TEA (□), ZnPE~1~-Mb + NADH (●), ZnPE~1~-Mb + NADH + TEA (○), NADH (▲), and NADH + TEA (△) by comparing with continued photoirradiation for 36 hours and dark reaction. \[ZnPP-Mb\] = 25 μM, \[ZnPE~1~-Mb\] = 25 μM, and \[TEA\] = 1 M and \[NADH\] = 2.5 mM. All in 20 mM HEPES (pH 8.5).](ijbsv07p1203g06){#F6}

![The enzymatic analysis of alcohol dehydrogenase-catalyzed ethanol oxidation, in the presence of NAD^+^ (●), photoirradiated reactant (▲), and photoirradiated product (■). Ethanol and NAD^+^ reactant were co-incubated for 60 seconds before adding the enzyme and the absorbance change at 340 nm was recorded for every 30 seconds with a total detection time of 5 mins.](ijbsv07p1203g07){#F7}

![**(Scheme 1)**Schematic representation of photochemical catalysis of ZnPE~1~-Mb-based artificial photosynthetic system for light-chemical energy conversion.](ijbsv07p1203g08){#F8}
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